The congenitally athymic nude mouse has been widely used to study the tumorigenicity of a variety of human and animal neoplasms (1) (2) (3) (4) (5) (6) ). Yet, nude mice appear not to be totally immunodeficient; they do not have a higher incidence than normal mice of chemical carcinogenesis or spontaneous tumors and show infrequent metastases of tumors known to be metastatic in their original host (4, (7) (8) (9) (10) . Although growth in the nude mouse is a major criterion for tumorigenicity of primary or cultured cells (5, 6) , it is increasingly clear that many tumors fail to grow in the nude mouse (4, 11) , even though the basis for this discrimination between different tumors remains unclear. The present studies were initiated to develop an appropriate model system for defining both the mechanism of discrimination between different types of tumors, and the possible mechanisms available for tumor rejection in the nude mouse. For these studies, cell lines known to be highly tumorigenic in the nude mouse were modified by rendering them virus persistently infected (P.I.) 1 with a variety of RNA viruses. It will be demonst~'ated that most such P.I. tumor cells are effectively rejected by the nude mouse. We believe that the studies on the rejection of virus P.I. tumor cells by the nude mouse may provide useful insights into the immunological control of tumor cells having altered surface properties and into the mechanisms of resistance to persistent viral infections as well.
Materials and Methods
Mice. BALB/c nude mice were derived from breeding stock obtained from Dr. G. Sato (University of California, San Diego) and maintained in an isolated colony (4) . They were monitored regularly by screens for viruses, and by autopsy of randomly selected experimental and breeder mice. Conventional BALB/c mice were purchased from The Jackson Laboratory, Bar Harbor, Maine. 5-8-wk-old mice were used in these experiments.
P.I. Cell Lines. BHK21 hamster kidney cells and HeLa human cervical carcinoma cells were grown in vitro in Eagle's minimal essential medium supplemented with 7% heat-inactivated calf serum. P.I. virus cell lines were established by infecting cells with stocks of virus containing large numbers of defective interfering particles, except for BHK-vesicular stomatitis virus (VSV), in which purified defective-interfering (DI) particles and a homologous, cloned temperature-sensitive mutant of VSV was used (12) . were relatively localized neoplasms that were soft, well vascularized, rapidly growing, and which had achieved a 2-4-cm diameter by 4-wk postinoculation; (b) nodules were restricted, hard lesions which arose in 4-8 wk, stabilized at an ~5-mm diameter, and persisted in that benign form indefinitely; (c) complete rejection was said to have occurred if the inoculation of tumors failed to produce a palpable lesion, either a tumor or a nodule, within 6 mo. All lesions were biopsied, fixed in Bouin's solution, and stained with hematoxylin-eosin or Masson's trichrome stain. Complete autopsies were done on all injected animals to obtain evidence for metastatic lesions. All tumors and nodules were cultured and cultured cells analyzed by karyotyping to confirm the species of origin.
Irradiation Procedures. For studies on the effect of radiation of the animals on tumor growth, BALB/c nude females were irradiated with 600 rads of 13~Cesium and maintained thereafter in a Biogard hood (Bio-Rad Laboratories). Greater than 95% of the animals survived 4-5 mo after irradiation.
Test for Virus Production
The presence of virus in tumors or nodules was assessed by cocultivation of a tissue mince with BHK21 cells or HeLa cells at 33°C. Cytopathic effects (CPE) were monitored for 6 d, most positive CPE being found by 3 d. In addition, primary and cultured cells were stained with fluorescent antibody to the virus, after acetone fixation, by an indirect procedure, using goat anti-rabbit fluorescein-conjugated antibody purchased from Meloy Laboratories, Inc., Springfield, Va.
CYTOTOXlC ASSAY (a) 51Cr-release method: the assay was performed according to the method of Trinchieri et al. (13) . Trypsinized target cells (106) were resuspended in 0.5 ml medium and incubated with 100 ffCi of Na2 51CRO4 (Amersham Corp., Arlington Heights, Ill.), for 1 h at 37°C in 5% CO2. After three washes, they were seeded into microtiter wells at a density of 104 cells/wells, and incubated overnight. The plates were washed three times with warm medium. A 0.2-ml vol of effector-cell dilution or medium alone was added and incubated for 10 h. After the incubation, 0.1 ml of supernate from each well was collected, and the radioactivity (A) was counted in an LKB gamma-counter (LKB Instruments, Inc., Rockville, Md.). To each well, 0.1 ml of 1% Triton X-100 (Rohm & Haas Co., Philadelphia, Pa.) was added, the plates were incubated overnight, and 0.1 ml of each supernate was again collected for counting of radioactivity (B). SlCr release (E) was calculated as:
The specific SICr release (R) was calculated as:
E -S R ---× 100; 100 -S where (S) is the 51Cr 3 percent release of target cells in the presence of medium alone. (b) H-uridine method: the procedure was essentially the same as described by Fujiwara et al. (14) and McFarland (15) with slight modification. Trypsinized target cells were seeded into microtiter wells at a density of 104 cells/well, and incubated overnight. 1/~Ci of [5-aH] -uridine (Amersham Corp.) was added to each well and incubated for 3-4 h at 37°C in 5% CO2. The plates were then washed three times with warm medium. Effector-cell dilutions or medium (0.2 ml) were added to each well, and incubated at 37°C in 5% CO2 for 10 h. After the incubation, the plates were washed with warm phosphate-buffered saline (PBS), trypsinized, and the cells from each well were collected separately by a semiautomatic cell harvester. The radioactivity was then counted in a Beckman liquid scintillation counter (Beckman Instruments, Inc., Fullerton, Calif.). The cytotoxicity (R) was calculated as: R = cpm (medium alone) -cpm (effector cells) × 100. cpm (medium alone) SPLEEN CELL SEPARAXION PROCEDURES. (a) Nylon wool column: spleen cells were passed over nylon wool columns according to the method of Julius et al. (16) . 108 spleen cells of nude or BALB/c mice in 10% fetal calf serum (FCS)-DME were added to the column (0.6 g nylon wool/10 ml), incubated for 40 min at 37°C, and then eluted with 20 ml of warm medium. Viable cell recovery after the column passage was 215% with nude spleen cells, and 20-25% with BALB/c spleen cells. The column-passed spleen cells of BALB/c did not respond to either concanavalin A (Con A) or bacterial lipopolysaccharide and, only after the addition of 2% peritoneal exudate cells, was the Con A response restored. Thus, this cell fraction was functionally depleted of macrophages and B cells.
(b) Anti-serum treatment: to remove any T cells present, 107 spleen cells in 1 ml of medium were mixed with anti-Thy 1.2 serum (final dilution 1:10) or normal mouse serum (final dilution 1:I0) as a control at 4°C for 30 min. They were then incubated for 40 min at 37°C with 0.5 ml of normal rabbit serum as a source of complement (final dilution 1:10) which had been previously absorbed with BALB/c spleen cells. The anti-Thy 1.2 + complement treatment suppressed >90% of the Con A response of BALB/c spleen cells without significant effect on the LPS response. For B-cell depletion, the spleen cells were incubated with rabbit anti-mouse IgM serum (final dilution 1:20) and rabbit serum at the same conditions as above. By this treatment, 270% of the LPS response of the BALB/c spleen cells was eliminated.
(c) Trypsin treatment: normal nude spleen cells were resuspended at a density of 1 × 107 cells/ml in 0.5% or 2.0% trypsin-PBS at 37°C for 30 min. After treatment, the cells were washed twice. Approximately 70% of the cells were recovered after the trypsin treatment.
Results

Tumorigenicity of BHK21 cells, HeLa Cells, and Virus P.I. Cell Line Derived from
Them. Both HeLa and BHK21 cells are highly tumorigenic in BALB/c nude mice, forming soft, well vascularized tumors within 3 wk in 100% of the animals injected with as few as 10-100 cells. As shown in Table I , these same cell lines P.I. with measles, mumps, influenza (NWS Flu), VSV, or rabies virus (data not shown) rarely, if ever, form tumors. In a portion of these animals, a neoplasm is never palpable (all the mice injected with <104 cells and varying numbers injected with > 104 cells), and in the remainder, a hard, poorly vascularized nodule forms within 4 wk. Representative mice exhibiting tumors or nodules are illustrated in Fig. 1 . In histological studies of the neoplasms (Fig. I) , the benign nodules contrast with the tumors in that they show strong fibrous reaction, encapsulation and a significant mononuclear cell infiltrate.
Nodules forming in response to injection of P.I. cells often persist longer than 6 mo. Virally infected cells persist within the nodule, because virus could be identified by any of three techniques: (a) cocultivation; (b) by the resistance of the primary explanted cultures to superinfection by the homologous virus; and (c) by surface immunofluorescence for surface viral glycoprotein antigens. In all cases, karyotypic analysis showed that the virus-containing cells from the nodules derived from the species of cells inoculated and not from the host.
There could be two explanations for these results: (a) an intrinsic deficiency of the P.I. cell lines to grow in vivo relative to the parental HeLa or BHK21 cells; or, (b) active thymus-independent mechanisms of rejection by the nude mouse.
A number of studies have minimized the likelihood of the former interpretation. Previous studies have shown that the growth rates in vitro of the virus P.I. cell lines 
All the mice were injected with cells subcutaneously and examined for neoplasms 4 wk later (except where indicated). A more detailed presentation of the characteristics of the neoplasms and of the properties of the viral infections is presented in Table V 
Curing of the P.L Cell lines in Vivo.
In some of the mice inoculated with virus P.I.
tumor cells and maintained for >2 mo, incipient tumors were detected forming adjacent to the nodules. Primary cultures of the nodules and the tumors indicated that the former contained virally infected BHK21 or HeLa cells and that the latter contained cells with no virus infection as detectable by cocultivation, superinfection of explants or immunofluorescence. The tumors thus appeared to result from in vivo selection against the infected cells and the escape of cells that were cured of the viral infection. The fact that cells, cured of a persistent viral infection, regain tumorigenicity comparable to that of the uninfected parental cells corroborates the finding above that the growth restriction is critically dependent on the persistent viral infection.
Effect of Radiation of the Hosts on the Tumorigenicity of the P.I. Cell Lines. The possibility
of an active rejection mechanism capable of discriminating between virally infected and uninfected tumor cells was strengthened when it was observed that whole body irradiation of nude mice with 600 rads of l~Cesium or 16°Cobalt rendered the mice unable to suppress the growth of the virus P.I. cell lines (Table I) . Mice, injected with 106 BHK21-VSV cells or with BHK21 cells 12 d after irradiation, developed tumors within 3 wk. The mice were moribund with the tumors by 5-6 wk after the inoculation. In animals inoculated on the day of irradiation, tumors developed more slowly and were not palpable until 5-6 wk after inoculation. Almost no signs of cellular infiltration or encapsulation were seen in histological specimens of virus P.I. tumors from irradiated nude mice (Fig. 1) . Examination of primary cultures of the tumors derived from the BHK-VSV cells indicated that all neoplasms contained cells infected with viruses, and infectious particles were found in the spleen, kidney, liver and serum of the hosts. Karyotypically, the cultured cells were those of donor not host origin.
Preferential In Vitro Cytotoxic Activity of Normal Spleen Cells against Xenogeneic Tumor Cell Lines Persistently Infected with Viruses.
The mechanism of rejection of the P.I. tumor cells by the nude mice was investigated by studying the in vitro cytotoxic activity of spleen cells derived from normal nude mice against P.I. or uninfected tumor cell lines. Spleen cells from normal nude mice 6-8 wk old were preincubated in tissue culture plates for 2 h to remove adherent cells, and mixed with prelabeled target cells. Two assays for cytotoxicity were used, a 51Cr-release method and a 3H-uridine°labeling assay, both carried out for 10 h. The latter was used because some P.I.-cell lines were difficult to label with 51Cr. Spontaneous cytotoxicity assayed simultaneously by the two methods on HeLa and HeLa-measles cells is shown in Fig. 2 , indicating marked cytotoxicity of the viral infected cells, and little or no cytolysis of the uninfected parental cells. A comparable or slightly greater degree of sensitivity was found in the 3H-uridine assay. The 3H-uridine assay was chosen for routine use. As shown in Fig.  3 , this phenomenon was general, in that BHK-mumps, BHK-VSV, and HeLa-VSV, as well as HeLa-measles were all killed to various degrees by spleen cells from normal nude mice, although uninfected parental cells were not effectively killed. HeLa measles was consistently the most susceptible to spontaneous cytotoxicity among the virus P.I. lines, paralleling the in vivo observation that HeLa-measles was invariably rejected in nude mice whereas other virus P.I. cell lines were sometimes cured of their virus infection and regained tumorigenicity.
Characteristics of the Effector Cells Responsible for the Spontaneous Killing of Virus P.I. Cell
Lines. A variety of selective enrichment and depletion procedures was applied to spleen cells from nude mice to characterize the cytotoxic effector cell in the HeLa- * Spleen cells from normal nude mice were variously treated as described in Materials and Methods, and their spontaneous cytotoxicities against HeLa-measles target ceils were assayed by 3H-uridine assay. In exp. I and II, the cell numbers were adjusted after various treatments to the same numbers, and in exp. III and IV, the cells were resuspended to the original volume without the adjustment of cell numbers after the treatments. In all experiments, A/T ratio was 100:1, and the means ± SE of the triplicate wells are shown. :~ The treatment with annserum and complement was repeated twice. measles system. As shown in Table II , the cytotoxic activity was enriched by elimination of glass-adherent cells and by passage through nylon wool columns, suggesting that the effector cell is neither a macrophage nor a B cell. Similarly, the cytotoxic activity was unaffected by treatment of the spleen cells with anti-Ig + complement. The cytotoxic activity was resistant to trypsin treatment. Spleen cells still showed significant activity even after treatment with 2% trypsin for 30 min.
Because cytotoxic activity was found in athymic nude mouse spleen cells and was higher than that in conventional mice of the same background, i.e., BALB/c (data not shown), it seemed improbable that conventional T cells were responsible for the cytotoxicity. Recently, however, it has been reported that some spleen cells express weak Thy 1 antigen even in the nude mouse (17) . Consequently, we examined the effect of anti-Thy 1.2 + complement treatment on the killing by nude spleen cells. As shown in Table II , after treatment with anti-Thy 1.2 + C, under conditions in which a >90% reduction of T-cell activity of conventional mouse spleen was found (as assessed by Con A stimulation), treated nude mouse spleen cells still retained significant spontaneous cytotoxicity of HeLa-measles targets, although the activity was consistently reduced by 30-35%. These results indicate that the cells cytotoxic to the virus P.I. cell lines are not conventional B cells, T cells, or macrophages. From the above characteristics and the finding that the cytotoxic activity is detected in unprimed, normal animals, the effector cell in this system would appear to be the socalled natural killer (NK) cell. However, when such cells were retreated with antiThy 1.2 + complement, a consistent partial reduction in activity (30-40%) was noted. * HeLa-measles cells were labeled with 3H-urldine for 3 h. After three washes, medium or various kinds of unlabeled cells were added to the labeled HeLa-measles, and then spleen cells from normal nude mice were added to an attacker to target cell ratio of I00:1. In exp. I, the ratio of unlabeled cells to labeled HeLa-measles was 4.1, and in exp. II, 10; 1. The means triplicate culture ± SE are shown. Not tested. § Percent inhibition of the cytotoxicity is shown in parenthesis.
The partial inhibition of cytotoxicity in this system by high concentrations of antiThy 1 + complement is also consistent with recent reports of Herberman et al. (18) using a leukemia target system. Fig.   3 , NK cells from normal nude spleens had no apparent specificity for individual viruses or cells, other than distinguishing between P.I. and uninfected targets. This observation, however, does not necessarily indicate that NK-cell killing is totally nonspecific. The degree of susceptibility to killing of various P.I. targets always had the same rank order. For example, the order of greatest sensitivity to killing was invariably HeLa-measles > BHK-mumps --BHK-VSV > BHK-VSV-P. To probe the question of specificity in more detail, we used cold target inhibition of killing of virus P.I.fcell lines. HeLa-measles were labeled with aH-uridine for 3 h, and just before the addition of the effector cells, unlabeled target cells of various types were added to the labeled HeLa-measles cells. The results shown in Table III indicated that the killing of labeled HeLa-measles was blocked by the addition of unlabeled HeLa-measles, but not by cold uninfected HeLa cells. Other virus P~I. cell lines, including HeLa-VSV, BHK-mumps, and BHK-VSV similarly failed to block the killing of HeLa-measles, although they were susceptible to NK killing.
Specificity of Natural Killer Cells in the Cytotoxicity of Virus P.I. Cells. As shown in
These results suggest, but do not prove, that the killing of the virus P.I. cell lines by NK cells may involve virus-specific recognition, although the whole NK-cell population has cytotoxic activity for a variety of virus P.I. cells.
In Vivo Induction of NK Activity in Nude Mice by the Injection of Virus P.I. Cell Lines.
In all experiments described above, spleen cells used for the cytotoxic assay were derived from normal nude mice. We have subsequently examined the cytotoxic activity of spleen cells of mice that had been inoculated with either virus P.I. or uninfected cell lines to ascertain whether any alteration of cytotoxic activity was found in spleens of mice exposed to these cell lines in vivo. BHK, BHK-mumps, or BHK-VSV cell lines were injected subcutaneously into age-matched (6 wk) nude mice, and after various intervals, the cytotoxic activity of the spleen cells was assayed using HeLa-measles as targets. The spontaneous cytotoxic activity of age-matched normal nude mice was assayed simultaneously as control. The results presented in Table IV indicate that a significant increase in the cytotoxic activity over controls was observed in nude mice previously inoculated with virus P.I. cell lines. The augmentation of cytotoxic activity in P.I. cell lines was detected as early as 2 d after inoculation and remained at high levels for at least 35 d. The spleen cells from mice receiving P.I. cell lines, however, still failed to exert any significant cytotoxicity on uninfected HeLa cells. In addition, no augmented cytotoxic activity was observed with spleen cells from nude mice inoculated with uninfected cells; in fact, there was a significant and reproducible depression of NK activity in these mice compared to normal control mice.
Clearly, in vivo induction of NK activity was not specific for inducing virus or carrier cell type, because spleen cells from nude mice injected with either BHKmumps or BHK-VSV showed augmented cytotoxic activity on HeLa-measles targets. Nevertheless, these spleen cells had little cytotoxic activity for uninfected parental cells, suggesting that the induced killer cells derived from the same population as those in untreated nude mice, and retained a similar spectrum of specificity or activity on different targets.
Selection of Variants: Development of the BHK-VSV Producer (BHK-VSV-P) Cell
Line. Because the data suggested that P.I. tumor cells are restricted in the tumorigenicity in nude mice by a host immunological response, we sought, through serial transplantation of the nodules, to obtain variants which would fail to activate a host response and/or would be resistant to that response. BHK-VSV nodules persisted for months, and through a number of passages in nude mice. One serially transplanted nodule formed a slowly growing tumor which shed virus in vivo and in culture. Reinjection of the cultures into nude mice resulted in the growth of tumors containing viruses. This virus-producing line (BHK-VSV-P) has been serially passaged six times in nude mice with intervening isolation and characterization of primary cell cultures between each passage. The characteristics of the BHK-VSV-P line are summarized in Table V . Throughout the passage-culture series, the variant cell line has produced Tumors or nodules were excised from the mice, minced thoroughly, and cultured in MEM supplemented with 7% heat-inactivated calf serum. Tests for viral antigen expression and for resistance to homologous VSV Indiana and challenge infection were performed on primary cultures of tumors or nodules by the procedures described in Materials and Methods. large, soft, rapidly growing, invasive tumors which are metastatic by the lymphatic route to the lung, liver, lymph nodes, and other organs. Histologically, however, these tumors are invariably surrounded with a large mononuclear cell infiltrate, suggesting the existence of a host response. Primary cultures of these tumor cells released large amounts of mature infectious virus and defective-interfering (DI) particles. The BHK-VSV cultures expressed very small amounts of VSV surface antigens, whereas BHK-VSV-P cells express surface antigens in amounts comparable to lytically infected cell cultures. Several findings indicate that the BHK-VSV-P cell line contains a mutant virus (J. Holland, and C. Jones. Unpublished observations). The cells infected with VSV-P are capable of yielding larger than usual amounts of virus and DI particles. Oligonucleotide maps of the VSV-P virus show significant differences from those of wild type VSV. Moreover, purified VSV-P virus, and DI particles isolated from BHK-VSV-P tumor have initiated new virus P.I. cell lines of BHK21 cells which produce virally infected tumors, rather than nodules, when injected into nude mice. Among the virus P.I. cell lines tested, BHK-VSV-P is unique in its ability to metastasize as well as to remain P.I. and form tumors in the nude mouse. As shown in Fig. 4 b, BHK-VSV-P was found to be less susceptible to the spontaneous cytotoxicity of normal nude spleen cells than any other P.I. cell lines tested, although it was slightly more susceptible than uninfected BHK cells. Conversely, as shown in Fig. 4 a, augmented cytotoxicity on HeLa-measles targets. These results indicate that BHK-VSV-P is the best inducer of NK activity on a variety of infected targets, a finding that correlates well with the strong cellular reaction at the tumor site in vivo. It is likely that its tumorigenicity is related to the fact that BHK-VSV-P is relatively resistant to the cytolytic activity of NK cells. In any case, in this exceptional variant cell line, a dissociation was observed between susceptibility to spontaneous cytotoxic activity in vitro and ability to augment the cytotoxic activity in vivo. Discussion A number of viruses are known to persist for long times in animals and man, some of which may be responsible for chronic diseases, particularly slow neurologic diseases (19, 20) . The persistent viral infection represents a paradoxical situation in that viruses manage to survive in a host which has generated appropriate immune responses to protect it from the acute phase of viral infection. It has been amply demonstrated that various cultured cells, such as HeLa and BHK21, can be P.I. by enveloped RNA viruses, e.g., VSV, measles, mumps, influenza, and rabies (12, 2l, 22) . Although the viral mechanisms leading to persistent infection in cultured cells have been extensively studied, particularly in defining the roles of viral defective interfering particles and conditional lethal mutants (21, 23) , the nature of the host immune responses to such P.I. cells remains largely unexplored.
In these and previous studies (22, 24, 25) we observed that virus P.I. cell lines expressed little tumorigenic potential when injected into athymic nude mice. In contrast, the uninfected parental cells, even as few as 10-100 cells, formed rapidly growing, well-vascularized tumors. The P.I. daughter cell lines failed to grow or formed benign nodules at all seeding densities between 104 and 10 7 An analysis of the in vitro cytotoxic activity of spleen cells from nude mice for virus P.I. cell lines indicated: (a) P.I. cell lines, but not uninfected parental cell lines, were susceptible to spontaneous cytotoxic activity measured by two assays: (b) in vivo inoculation of P.I. cell lines, but not uninfected parental cells, induced an enhanced spontaneous cytotoxic activity for P.I. target cells in vitro; (c) the induction of cytotoxicity was not specific for the inducing virus or the cell used for the induction, suggesting that the in vivo induction was mediated by some nonspecific mediators.
We have inferred that the cytotoxicity against the P.I. cell lines is mediated by non-B-, non-T-, nonadherent lymphocytes with characteristics previously described for NK cells on the basis of the following observations: (a) cytotoxicity exists in normal unprimed spleen cells in both nude and conventional mice, and is, in fact, greater in the former than the latter; (b) the cytotoxic cells are relatively resistant to treatment with anti-Thy 1.2 + C under conditions in which in vitro T-cell activity is abrogated, are totally resistant to anti-Ig + complement, and are nonadherent either to plastic dishes or to nylon wool columns; (c), cytotoxic activity is present in normal unstimulated spleen, but is markedly augmented by inoculation of nude mice with various P.I. cell lines; and (d) uninfected tumor ceils are not susceptible to and unable to induce cytotoxicity in vivo in nude mice. In fact, they frequently depressed the level of spontaneous cytotoxic activity. All these observations correlate with the characteristics of NK cells described in a variety of tumor systems (10, (26) (27) (28) (29) (30) . Although spontaneous cytotoxic activity of NK cells in mouse spleen or human peripheral blood for most target cells is usually relatively low, it is clear that these cells are susceptible to modulation and enhancement by a variety of agents in vivo, such as the adjuvants BCG (31) and Corynebacterium parvum (32) , and more recently, interferon or interferon inducers (33) (34) (35) .
The mode of recognition of tumor cells or virus-infected cells by NK cells remains an intriguing problem. At the first level, it would appear that their acitivity is quite nonspecific, in that normal spleen cells are capable of killing tumor cell lines P.I. with any of three different viruses, correlating well with the ability of nude mice to reject those cell lines in vivo. However, cold target competition experiments described here suggest rather specific recognition by NK cells, in that blocking of the killing of one virus-infected cell, e.g., HeLa-measles, could be achieved only by unlabeled HeLameasles, and not by uninfected HeLa or other P.I. cells. Similar observations suggesting rather specific recognition of NK cells have been reported by Welch et al. (36) in the LCM system. Two explanations could be forwarded to explain these apparently divergent specificities. It could be argued that NK cells are a homogeneous population that recognize some unknown structure(s) or cell-surface alteration(s) common to all susceptible cell lines, tumor cells, or virus-infected cells, and, as such, are nonclonal and nonspecific in the immunological sense, but selective in terms of the cells with which they can interact. Alternatively, the NK population could be a heterogeneous one, containing a wide variety of specificities capable of distinguishing between individual viruses and target cells, and these specificities would be expressed clonally. Stimulation of any one subpopulation, however, would lead to the production of a nonspecific stimulatory factor, such as interferon, that could cause the polyclonal expansion or activation of other specificities, resulting in the apparent broad specificity observed in vitro. Although our present results seem to support the latter possibility, they cannot be regarded as conclusive. The previous observation of Herberman et al. (18) and our own data indicating that NK cells express low levels of Thy 1.2, and data of Cantor that NK cells and T cells express Ly 5 determinants z are most consistent with the possibility that NK cells represent T-cell precursors. If so, it might be predicted that they would have specific receptors, but would not be restricted in their cytotoxicity by the major histocompatibility complex because they have not been processed by the thymus in the nude mouse (37) . The present system of virus P.I cells may prove useful for analyzing the fine specificity requirements for recognition and for evaluating whether specificity is clonally distributed, but clearly more cellvirus combinations must be studied to resolve the question of specificity.
If recognition is specific, it is unclear whether the inducing stimulus is, in fact, virus-infected cells, released virus and/or DI particles. In this regard, it is of some interest that a subline of the BHK cells P.I. with VSV (BHK-VSV-P) which was selected for its ability to withstand the rejection process in nude mice, was found to be the most potent inducer of NK activity in vivo, although the cells were relatively resistant to the NK activity of normal nude spleen cells and formed tumors in nude mice. Compared with other virus P.I. cell lines, BHK-VSV-P sheds large amounts of virus both in vivo and in vitro (J. Holland and C. Jones, unpublished observation). It is our speculation that the large number of virus particles released from BHK-VSV-P may be responsible for the nonspecific augmentation of NK activity through the induction of interferon. Indeed, preliminary experiments show significant interferon titers in the serum of mice inoculated with BHK-VSV-P.
It is not completely clear whether the dissociation between NK-cell susceptibility and NK-cell induction in vivo observed in the BHK-VSV-P subline reflects changes in the properties of the cell, or of the virus following the selection of the subline in vivo. Preliminary results indicate that BHK cells P.I. with virus isolated from the BHK-VSV-P subline behave precisely as the BHK-VSV-P subline, suggesting that the invasiveness of the tumor in vivo and its relative resistance to NK activity in vitro may be primarily regulated by the mutant virus itself.
In summary, the results indicate that persistent viral infection produces alterations in tumor cells rendering them capable of recognition and rejection by the nude mouse. Although, in general, there was excellent correlation between the capability of the nude mice to reject the P.I. tumors in vivo and the ability of NK ceils to lyse the P.I. target cells in vitro, it is important to recognize that variants exist in which these two properties can be dissociated. The present studies lend support to the thesis that NK cells may play an important role, not only against tumor cells (38) , but in resistance to viral infections, particularly persistent infections.
Our results may also have relevance for defining the requirement for invasiveness and metastasis of tumors, and in explaining difficulties in heterografting certain types of human tumors, e.g. prostatic tumors, into the nude mouse. (4, 11, 25) . At the very least, a number of previous studies attempting to correlate in vitro cellular phenotypes of transformed cells with malignancy as defined by tumorigenicity in the nude mouse (5, 6) require reevaluation, because some cells thought to be nontumorigenic may in fact be malignant but immunologically rejected by the nude mouse.
Summary
Cell lines known to be tumorigenic in the nude mouse were modified by rendering them persistently infected (P.I.) with a variety of RNA viruses, including measles, mumps, vesicular stomatitis virus, and influenza. Although as few as 100 HeLa or BHK cells produced tumors in 100% of nude mice, as many as 2 × l07 of the same cells P.I. with viruses failed to produce tumors. An active host response responsible for restricting the growth of the P.I. cells was suggested by the findings of marked mononuclear cell infiltrates at the inoculation sites and the inability of irradiated nude mice to reject them.
An analysis of the in vitro cytotoxic activity of spleen cells from normal nude mice indicated that: (a) P.I. cell lines, but not uninfected cell lines, were susceptible to spontaneous cytotoxicity; (b) in vivo inoculation of P.I. lines induced an enhanced cytotoxic activity for P.I. targets in vitro, and this induction was not specific either for inducing virus or cell line; and (c) the effector cell had the characteristics of natural killer (NK) cells. Although the specificity of recognition of the various P.I. cell lines remains unclear, cold competition experiments indicated that blocking the killing of one P.I. cell line, e.g. HeLa-measles, could be achieved only by unlabeled homologous cells, i.e. HeLa-measles, and not by uninfected cells or other P.I. lines.
A variant subline of BHK cells P.I. with VSV was selected for its ability to withstand the rejection process in nude mice. These cells formed metastatic and invasive tumors in nude mice. Although they were the most potent inducers in vivo of NK cell activity against various P.I. targets, they were the most resistant of the P.I. lines to NK cell cytotoxicity in vitro. In this system there was a good correlation between tumor rejection in vivo and susceptibility to NK cells in vitro. The present results suggest that NK cells may play a significant role in both rejection of tumor cells, and in resistance to viruses, particularly persistent infections.
